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ABS’TILIGI' 

High frequency transistors with three different emitter 
geometries have been designed and fabricated in the laboratory 
with available facilities. 

Base diffusion was performed using BET wafer source and 
the standard pre-deposition and drive-in cycle. Arsenic has been 
used as a dopant to obtain nearly box-t 3 rpe distribution in the 
emitter. The use of arsenic results in a shallow, uniform emitter- 
base junction and minimizes the "emitter-dip" effect. 

The fabricated devices have a base-width of .3 ytim. Tjie 
minimum horizontal dimensions down to could be successfully 

realised with a resolution of 2.5 yUm, using photolighography. 

The doping profiles in the base and the emitter regions 
have been determined experimentally. 

The common-emitter current gain of the device has been 
calculated from the knowledge of the material and device parameters. 
The effects of bandgap narrowing, carrier impurity scatteririg 
and the S-E-H (Shockley-Eead-Hall) recombination, together with 
the effect of heavy doping on Einstein’s relation have been taken 
into account in the calculation of the current gain. A comparison 
between the computed and the measured results is made and the 
discrepancy between the two is explained. The variation of current 
gain with injection level is studied. It is observed that the 
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initial rise in the current gain is due to the dominance of 
injection current over the surface leakage current and the 
sharp fall at high injection level is mainly due to emitter 
crowding . 

The dependence of maximum value of the current gain 
and the current-carrying capability of the device on emitter- 
geometry has also been' investigated . 
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: CiffllPTEB 1 
INTEODBCTOT 

In recent years, the T)henomenal development in the 

field of ©(MOBanication engineering has led the trend to go for 

higher and higher frequencies. This has resulted in larger 
bandwidth requirement in most of the modem communication system , 
These systems require cheap and reliable devices with high power 
gain, low noise and high power output in the higher frequency re ,ion. 
A number of devices capable of operating at these high frequenci .'S 
are G-aAs PET, THAPATT, ItCPATT and bulk G-ails devices along with 
conventional bipolar transistors. 

Inspite of the fact that PBTs are coming up rather fast, 
much efforts have gone to increase the power output and operating 
frequency of bipolar translators. One of tha main paras^tera which 

controls the maximum frequency of operation f^^^^ is the choice 
of high carrier mobility material. Is the low-field mobility ol 
electrons in G-aAs is more than double of that in silicon, GaAs 
devices promise better high frequency p- rformance oner silicon 
devices. However, silicon is still preferred ove'.' G-aAs for high 
frequency bipolar transistor fabrication because of a number of 
reasons such as advance state of silicon technology, ease of 
fabrication, higher efficiency, reproducibility and low cost. 
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A bipolar transistor which is capable of operating at 
high frequencies in the range of several hundred IdHr? is classified 
as high frequency transistor, The main difference between h i gh 
frequency and low frequency bipolar transistors lies in their 
physical dimensions, which are greatly reduced as the operating freqi 

f ■ ■ 

increases. The critical parameter!* governing the value of f' 
may be summarised as follows; 

base-width 

— ’ colXeetor doping cmacentration 

— doping -profiles in the emitter and the base regions, 
parasitic resistances and capacitances. 

1,1 State-of-the-Art 

Till i960, bipolar transistors were not yet a challenge 
to electron tubes for price or performance even in audio power 
amplification. By 1968, transistors capable of working at 500 I, Eg 
emerged, where as presently, transistors operating upto 10 GHz 
frequency are available. 

The fabrication of high frequency transistors started 
with the germanium since this material has a larger value of minoritj 
carrier mobility and life-tine. The maximum operating frequency 
could not exceed 1 GH| in germanium transistors. However, with the 
advance in silicon planar technology efforts were switched over 
to silicon transistors. Present-day transistors utilize thin 
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silicon epitaxial layers on n^ substrate j micron photolithography 
technigue and arsenic emitter technology. The two key tochnological 
advances which underlie this progress in the art of bipolar tran- 
sistors are the olcctron-beaia photolithography and the art of 
very shallow diffusion of both p and n t 3 rpe dopants. Electron- 

beam lithography is capable of working with, geometries having. ^ 

■ ' " ■ ' ' ' ' 

- W'' 

dimensions in the range of ,20 Improved base-doping control 
and profile definition is obtained utilizing '^^-implantation and 
proton-enhanced diffusion. The shallow diffusion of the dopants 
leads to a heavily doped narrow base accompanied by a steep emitter 
doping gradient at the emitter-base junction., fhe introduction, of 
arsenic in recent years as an emitter dopant. iQd, to substantial. , . . 
improvement in high frequency performance. Current performance 
levels of high frequency bipolar transistors available commercially 
are sum m erized in Table 1 .1 

1 .2-. Objectives of the Present Work 

The survey of literature reveals that the transistor 
design is still somewhat semi-empirical. There is no general model 
which can estimate the value of current-gain of , high frequency 
transistors at different injection- levels by feeding the material 
and device parameters, prior to its fabrication. 

Tiie present work is concerned with' the design and 
fabrication of a transistor having cut-off frequency near 1 GHz 



and with, the study of its d.c. common-emitter current gain both 

theoretically and experimentally,. The work was started with the 
following objectives t 

1. B'abrication of high frequency transistors with the available 

facilities and to find out if line-width of a few microns can be 
satisfactorily obtained in the laboratory. The other related 
objective has been to investigate if the shallow diffusion — a 
characteristic of high freauency transistor, could be performed, 
satisfactorily to obtain a good emitter efficiency and acceptable 
device characteristics. 

2, Study of the common-emitter current gain as a function of 
injection level and to examine how far the measured results could 
be explained with the help of the existing analytical models, 

5. Investigation of the effect of emitter geometry of the tran- ; 
slstor on the cut-off frequency and comparison of the experimental 

I 

and the theoretical results. 

4. Study the effect of emitter geometiy on the d.c. performance 

of the transistors, | 

' ^ 

A brief account of the work presented in the thesis is as follows: J 
Chapter 2 describes the design constraints of the high [ 

frequency transistors for required performance, I 

Chapter 3 deals with the fabrication technology of the devic^ 
An important technique is the use of arsenic as dopant in the emitte:) 
region. Arsenic has been found to yield approximately box type [ 


inpurit 7 -profile and the least "enitter-dip" effect. 

The EiGasureiiients made on the deTice as given in 
Chapter 4? are the characterization of doping profiles in the 
base and the emitter regions. The emitter and the base currents 
have been measured as a function of The maximum value of 

hj^ and the current carrying capability of the transistors with 
different emitter geometries have been measured. 

In Chapter 5j the maximum value of common-emitter gain 
hjvg and the variation of h^^g with injection level have been 
analysed by taking up the measurements of Chapter 4,. The dependence 
of current carrying capability on the emitter 

geometry have also been discussed. 

Chapter 6 contains the concluding remarks about the present 
work and also points out the scope for further work. 

Table 1.1 

Present State-of-the-iirt of High Proquency Bipolar Transistors. 


Frequency 

(GHz) 

Power output 
(Watts) 

Power Gain 
(dB) 

1 .0 

35-40 

8-9 

2.0 

^4 

7 

3.0 

8 

6-7 

4.0 

5 

• ^ 

3 .0 

5 

6 '■ 

6.0 

1.5: 

4 1 

1 Still in devel- 

8.0 

1.0 

6 I opment stage 

I0.f ■ 

1.0 

4.5; 
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PSSIGE CQNSIDEBiJIOITS 

Design technique of high frequency transistors is more 
or less the same as that for low frequency transistors, with the s 
exception that the physical dimensions at high frequency are 
greatly reduced. 'This is because the factors which are 
insignificant at lower frequencies assume major roles at higher 
frequencies. In fact the designing of high frequency transistors 
is limited by the technological developments in the field of 
shallow diffusion, art of photolithography, packaging techniques,' 
improved passivating layers and better metallizing techniques. 
Hence the available performance of HP transistors depends more 
on the technology than on the designing skill. 

Now-a-days all HP transistors are fabricated in planar 
form on silicon and are predominantly of n-p-n type . Ihree types! 

■ ' ■ ' 5 

of horizontal geom5?tries have been used in general and are shown 
in Pig.2.1 r5»6 1 • 

1 . Inter-digitated : Used for small . adgnal orplifie ..tion anj 

power generation. 

2. Overlay : Used for power generation only 

3. Mesh : Used for power generation only 

Ppr continuous high power out— put diamond emitter geometry is 
frequently used. Here we shall be discussing the inter— digitated 



type of geometry only. 

2.1 Design Constraints 

.The performance of high frequency transistors is mainly 
evaluated in terras of power g.ain and noise figure L 6 J , both of 
which have to be optimized' in order to get better Performanoov, 

ptlaer constraints are the output power j the maxirautfl frequency 
of operation 5 maximum operating volt age wS., efficiency and the 
band-width. These performance parameters are mainlj^ dependant on 

1. The current gain-bandwidth frequency which is the 
frequency at which short circuit common-emitter current 
gain of the transistor equals to unity - 

2. The junction capacitances and 

3» ’The parasitic resistances of the various regions outside 
the junction space-charge layer. This includes the base 
spreading resistance and the resistances associated with 
the bulh of the semiconductor. 

In order to achieve the optimum performance one must air 
to achieve the followings 

1. Gijirrent gain - bandwidth frequency f^ should be increased 
and 2. The parasitic elements should I’ reduced to their minimum 
values. 

These are the basic requirements for designing the tran- 
sistors capable of operating at high frequencies. These design 
parameters will now be discussed in some detail. 
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finite charging time given by 

1 


'^e ~ ^e ^ 


r^ is given by 


kl 

m. 


where, T) is the ideality factor, 


B-’-Base Transit Time 


Minority carriers injected from the emitter traverse 
through the base region by diffusion as well as by drift (in graded 
base transistors). They take a finite time to travel the quasi- 
neutral base region. This transit time can be calculated by defining 
an equivalent carrier velocity v(x) for the minority carriers. With 
the knowledge of this velocity the time can be calculated as: 


/ 


dx 

v'(xy 


Bor an exponential profile has been estimated as [ 6 3 . 


^ = 


^ff2 

'"'b 


2I)j^( .8+.46n) 


for n 2.5 


(2.4) 


F. 


where , . n 


In 


TI 


BE 


and 


BC 


^nB effective value of diffusion constant of minority 

carriers in the base region. is the base width. 

G- Collector Depletion-layer Transit Time 

The velocity of carriers traversing through the reverse 
biased base-collector junction depletion-region is limited by the 
saturation velocity. Hence the carriers take significant time to 


cross this region. This time is given by as 


X 


T - 

d “ 


(2.5) 


SB 

where, = base-collector junction depletion - layer width 

1-6 -1 
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It has been observed that the step o unction equations still 

apply for the diffused junctions [6] . 

r* 1 

i 2e V ^ 

Hence X . -T— i — j (2.6) 

<ib 1 ql^ I ■ 

where, = base-collector junction reverse-bias voltage. 

Hq = doping concentration in the collector region. 

£g = dielectric constant of the material 

D- Collector E-0 Charging Time 

When the total high resistivity collector region is not 
entirely covered by the depletion region, it offers a resistance 
r^ to the flow of current flowing out of the collector region. 
Hence the collector junction capacitance is charged through r^ , 
which takes its own charging time given by 


where, 



(2.7) 



transition capacitance of the base-collector 
junction. 

collector substrate thickness not covered by 
the depletion region. 

collector region resistivity 


emitter area. 


'c can be reduced by using epitaxial wafer such that the base- 
collector junction depletion region spreads over full epilayer 
thickness. In that case becomes negligible in comparison to 
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.v^r:.'-;G olvi’ii v .-■■i’ "uri.; l:r:.aa 


region just belov^ the emitter region. 


* X -t « .J ,c. * J_ i> •/ 


L- i o , X ... 


bct’.veen the emitter edge and the base contact. 

In case the number* of emitters are more than one, the total base 
resistance is given by 

1 


i,> 


— ^ ; ■y' t 4- 'P ^ -I- ^ I 

no. of OKiittors . b1 b2 '"'O! 


( 2.11 ) 


B, Capacitances 

During the tran-Xt of carriers irou tl..o emitter to the 
collector, they cnoo. inter tv.’o dcp-letion re.ricns as described above. 
Each of those de]leticn x’cgiccis contri.bu'fces "uc a junction capacitance 

jiven by 

€ , a 


flic einittor-baoc j'.aictioi: canucitance &- 




for silicon, 


C..,, 

xiif 


x\.. 


.Ci:^ 


C- ) i 


-L. X 2.88X10 
E 


-4 




HE 


:my-rTT 


"i" 

■1 Pf 


( 2 . 12 ) 


(2.13) 


where, 


emitter area expressed in cm 


^ = 

N_^g = base doping concentration at the emitter edge 


“3 




e:j 


expressed in cm 

emitter-base junction forward-bias voltage in volts. 

\ 

and = emitter - base junction built-in voltage in volts. 

■The collector-base junction capacitance 0^^^ is composed of the 
capacitances Oqj of the junction betv/Geri colrector and the base 
region under the emitter capacitance G^q of the 
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junction between the collector and the base region outside the 
shadow of the emitter • These capacitances can be determined 

froEi Lawrence and l/arner Curves [ 21 1 . A good approximation for 
these capacitances is obtained by assuming the base-collector 
junction to bo abrupt. For an abrupt silicon p-n junction these 
capacitances can bo written as: 


X 2.88 x 10 ^ 




0 

^■‘00 

whore , Kp 


A ..^2 ('^13*') ^ 2.88 X lO"''*' 


■ ''c 


(V..^+ n ) 


X 

2 


.X 

2 


pf 


pf 


(2.14) 

(2.15) 


-3 


C 

^BG 


collector dOi)ing concentration in cm » 
base— collector junction reverse-bias voltage in volts, 
and 9 = base-collector junction built-in voltage in volts. 

The values of and Cqq CvClculatcd using (' .14) and (2.15) were 
found to be iiot more than 5 '- larger than their values read from the 


Lawrence and V/nrner curves. 

For improved performance those capacitvances are aimed at 
their minimum values. * educed by reducing and is 

reduced by reducing the collector doping and the base area. 

2.2 Design of High Frequency Tivmsistors 

It is clear from the .above discussion that the parasitic 
elements provide feed-back path from the output to input. To 
achieve the best possible performance it is necessary to minimize 
this feed-back. The extent to which this feed-back is effective 
depends on the hoi'izontal as well as the vortical geometry of the 
transistor. 

We shall consider these two dimensions in detail. 



1 ^ 

2.. 2.1 Horizontal Geometry 

The design begins with, the estimation of the emitter 
periphery. This is decided by the value of the current at desired 
maximum pov/er gain. In practice the emitter periphery is calculated 
by assuming a current of 1—2 mA/mil. i'lext the emitter v/idth is 
decided by the required maximum operating frequency. This is 
smaller for hi^liei irequencies. The erriitter length— to— width ratio 
is not allov/ed to become greater than 20: 1 to minimize the voltage 
drop along the emitter finger. 

The base area is decided by the rnaccimun power out-put requirement. 
Emitter periphery to base area ratio generally called the aspect 
ratio of the device is higher for larger power out-put. 

2.2,2 Choice of the Substrate 

The resistivity of the epitfixial layer is estimated by 
the known values of device oi-'erating voltage and the collectoa>-base 
junction depletion-layer transit time . 

The thickness of the epilayer must be somewhat greater 
than the depletion-layer width in the collector region, otherwise 
becomes larger, degrading the performance of the transistor. 
Moreover, the physical dimensions of HE transistors are in a fev/ 
microns range, as described earlier. Accordingly, for better yield 
muah surface perfection of the epilayer surface is necessary. Also 
there must be less ini ■onoitic-s in the bulk crystalline structure 
and the impurity density in the bulk. To avoid impurity redistribution 
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in the collector region due to subsequent heat treatments at 
elevated temperatures, comparatively slow diffusant is preferred 
during epitaxial growth. 

2^2,3 Vertical Geometry 

To increase the operating frequency, base transit time 
has to be reduced and hence the base width is to be kept small. 

Also to decrease the input charging time, input capacitance and 
resistance have to be kept low. To achieve these objectives the 
integral base doping is made higher and the steep doping profile is| 
preferred in the base region. The doping level in the base region 
cannot be increased much, as it not only reduces the current gain 
due to increased recombination in the basa region, but also causes 
a decrease in the emitter efficiency [ 5 3 • The doping concentration 
in the emitter region is orders of magnitude higher than that in 
the base region. This increases the injection efficiency of the 
emitter region. In order to avoid much compensation of the base 
doping, an abrupt emitter profile in the vicinity of the emitter- 
base Junction is always necessary. Moreover, compensation in the 
base region gives rise to a field which opposes the drift of 

■ ' r''"""'”'"'’":": ■ — 

carriers in the base and thus increases_the transit time. 

The emitter being shallow in HP transistors the maximum surface 
concentration in the emitter region is very much limited by the 
bandgap narrowing effect [2l , It has been observed that this 
phenomenon limits the maximum surface concentration in the emitter 
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to 5x10^^ cm"”^ for 1 yum aiid to 9x10^^ cia”^ for 2vam. deep eraitter- 
base junction, for the laaximuin achievable current gain. 

2.3 Ohmic Contacts 

Platinum silicide is widely used for the front ohmic 
contact in HP transistors. Initially platinum is deposited on the 
surface and then silicide is formed by giving the subsequent heat j 
treatment. Aluminium is avoided due to difficulties in getting go| 
ohmic contacts in case of shallow diffused junctions. 

The detailed analysis of the geometry of the transistor 
fabricated for the present work has been given in the Appendix. 
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Fig. 2*1 Typical High Frequency Transistor 
Horizontal Geometries 
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Fig, 2-2 One dimensional view of a junction 
transistor 



Fig.2'3 Cross-section of a planar bipolar 
transistor 



CHAPTER 5 


EABRIGATIQH TECHHOLQCY 

* As mentioned in the previous chapter, the performance of 
high frequency transistors mainly depends on the physical dimensions 
(both vertical and horizontal) of the device. These dimensions are 
so much reduced that one finds himself helpless because of the 
limitations imposed by the processing technology. This is the reasorj 
of remarkable improvement in the HE transistors, along with the 
progress of the semiconductor fabrication technology. 

One of the most important factors involved in the fabricatij 
techniques is the diffusion technique for a shallow and unifom June t; 
This is because it may well be said that the performance of the HE 
transistors is determined by the base-width and the impurity 
distribution in the base region. The cut-off frequency of the 
transistor increases with the decrease in base-wridth. To decrease 
this width, it is necessary to minimize the ''emitter dip effect” [20| 
Arsenic is widely preferred over phosphorous for emitter diffusion 
because of its lower diffusion constant and closer matching with the 
silicon lattice [ 8 ]. 

The other important fabrication technique involved Ik 
photolithography . In ord§r to meet the fine geometry requirements, 
the photoengraving technique for fine geometries becomes important, 

^ work, transistors with three different 
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emitter geometries, as shown in Pig.3»'l> were fabricated side by 
side on an epitaxially grown n-n"*" wafer using double-diffusion procea 

3.1 Starting Material 

An epitaxial layer grown on single crystal of silicon 
substrate was taken as starting material. The n"^ type substrate was 
phosphorous doped, oriented with ,002-. 007 ohm-cm resistivity. 

The n-type epilayer " ,5 thick was also phosphorous doped with 
resistivity ,65 ohm-cm and oriented in ^ClU/' direction. 

To characterize the epilayer surface, stacking fault 
density was measured by preferentially etching the wafer in Van Sirtl 
solution [18] for 70 seconds. The stacking fault density was 
counted to 10,000/cm • The etch-pit- density was measured by 
preferentially etching the wafer in the same solution for 4, minutes 
Cl8l and was found to be 2000/ cm^. 

3.2- Oxidation 

A thickness of 0.4 yum of oxide was found to be sufficient 
tb mask against the base diffusion time and temperature requirements 
[19, 22 J . The wafer was cleaned by the usual cleaning procedure [ 2l.] 
and was oxidized under following conditions: 
ambient : steam 

temperature : lOOO'^G 

time : 30 minutes 

annealing : 20 minutes at 1000^*0 in argon 

ambient at flow rate of 1 .3 l/min. 
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j-he push— in and pull-out rates were adjusted to about 100*0 per 
minute change in temperature-, -This was done to avoid mechanical 
stresses on the wafer due to sudden change in temperature . These 
mechanical stresses produce mechanical damages at the surface and 
in the bulk and kill the life time . 

The colour of the grown oxide was red-violet which corresponds to 
.4i6yUin thickness as seen from the colour-oxide thickness chd^t [21] , 

3.3 Photoengraving 

3.3.1 Surface Preparation 

As the present geometiry was fine, extreme care had to be 
exercised for ensuring surface cleanliness and conditions for better 
photoresist adhesion [1 0^11, T2 ], The wafer was cleaned twice by 
ultrasonic cleaning in DI water. It was then boiled in trichloroe- 
thylene (TOE), acetone and methanol successively for five minutes 
each and rinsed in DI water thoroughly. Next it was boiled in 
H]!ir0^+H2S0^ + DI water (1:1:1 by volume) solution for 10 minutes and 
rinsed thoroughly in DI water followed by silane treatment [ lOj. 

Silane Treatment 

Two solutions were prepared with the following 
compositions: 

solution no.(l ) ; TOE & Dichloro Dimethyl Silane 

( IjDO: 3 ’jy- volume) ' 

solution no, (2) : TOE Isopropyl alcohol (1 :i by volume) 

Tli 0 wafer was dipped. iB Bolirfeioii 3ao*(1 ) for abouf 50 se 0023425 
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then rinsed in solution no'i<2)';'for -about 50 seconds. This 
treatment was. repeated until the surlace was hydrophobic. 

Then the wafer was kept in oven .for 40 minutes at 200° C in inert 
(nitrogen) ambient . Ihis dries-off ,. any. traces ' of moisture on the 
surface. 

3.3.2 Photoresist _.Co at ing 

KIPR and KIPR thinner were mixed ■in 'It 2' ratio by volume, 
fhe solution was prepared about a day prior to use,’ for the proper 
mixing of its two constituents [l1 ] . The prepared solution was 
spun on the prepared surface of the oxidized wafer through a ,8 
filter, at 6000 rpm for 20 seconds When ihe first layer of the 
photoresist dries-off, another layer was coated at the same speed. 
Phis minimises the chances of pin hole formation [22 .] . Rext the 
photoresist coated sample was prebaked at 85'' C for 18 minutes in 
nitrogen ambient. I>ur ing prebaking the traces of solvent in the 
photoresist are driven out, 

3.3.3 Pattern Delineation in Photoresist 

fhe first mask was aligned to the wafer so that the 
window edges were parallel or perpendicular ' to the cutting direction 
of the wafer, Phis helps in dicing the wafer in final stage. 

A time period of 20 seconds was used for the exposure to ultraviolet 
radiation . !Phe exposed slice was developed and then rinsed in 
commercially available KTFR developer and rinse respectively, fhe 
developing and rinsing times were 2 mineites each. 
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After diiying the slice, it was observed under unitron microscope 
for correct mask registration and the opening of windows in 
photoresist, fhen the sample was post— baked at 155°C "for 25 minutes 
in nitrogen ambient. Post-baking improves the adhesion between 
photoresist and the oxide surface. 

3.3.4 Oxide Delineation 

Phis was done in buffered HP (46^ HP & 40^ IH^P in 1:5 
ratio by volume). The etching time was first deteimined on a test 
sample, then the actual sample was delineated for about two minutes 
more than it takes on the test sample, to ensure complete oxide 
etching. Extreme care was taken to avoid undercutting, by dipping 
the sample in buffered HP till whole of the oxide is removed. Once 
the sample is taken out of the BHP, it is not advisable to dip it 
again to remove the lemaining oxide if any. This leads to heavy 
under-cutting. Moreover, the oxide surface is not stressed mechani- 
cally (like swabing to clean the surface) before photolithography. 
This also gives rise to under-cutting [22,] . 

The time taken to -delineate the ojcide (0.4^/um) on actual sample 
was 7 minutes. 

After the delineation was over, the sample was thoroughly rinsed in 
DI water. Then the exposed photoresist was removed by boiling the 
sample in photoresist stripper for 10 minutes. It was then rinsed 
in DI water, dried up and observed under microscope for the und^- 
cutting, registration and edge sharpness of the delineated windows. 
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After the above inspection, the wafer was ready for base diffusion. 
3.4 Base Diffusion 

The base diffusion was aimed to get a gaussian profile 

1 O *Z 

with surface concentration of 10 cm"”^ and junction depth of 1.5 yWm. 

Boron-ETitride wafer is the appropriate boron sourse to obtain uniform; 
sheet resistance and reproducibility [ 9 1 . The steps in the base 
diffusion were as follows : 

3.4.1 BET Wafer Surface Activation and Stabilization [ 3 ] 

BD wafer was first cleaned by ultrasonic cleaning in 
TOE twice. It was then boiled in TOE and acetone respectively for 
5 minutes each, followed by thorough rinsing in DI water, Next, the 
surface was etched in buffered HE for 40 seconds and rinsed in DI 
water thoroughly, Finally, it was rinsed in DDI water and was 
dried at the month of the diffusion furnace for 30 minutes. The 
ambient was nitrogen at the flow rate of 600 cc ./minute. 

To reactivate the cleaned BN wafer surface, it was pushed inside 
the diffusion furnace under following conditionsj 

furnace temperature ; 930*^ 0 (same as pre-4eposition temperature) 

ambient : Oxygen at the flow rate of 600 ce/min. 

time i 20 minutes 

After the activation step, the surface was stabilized by changing 
the ambient of the furnace from oxygen to nitrogen at- the same 
flow rate ^nd at tho same furnace temperature . The stabilization 
time was 25 minutes. 
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While using BN whfery ihe main ^rec observed was that a 

platinum pierce was kept in the quartz boat slot to avoid direct 
contact of BN wafer with the boat. If the BN wafer is allowed to 
come in direct contact with the boat material it forms borosilicate 
glass which results in stickihg of BN wafer to 'the boat. 

A quartz sleeve whs also u.sed around the boat to avoid the diffusion 
of boron-nitride part icies.,: emitted by BN wafer, into the diffusion 
tube. 

3.4.2 Predeposition 

The delineated, sample was first cleaned in solvents and 
then etched in 7^ HP for- 30 seconds to remove any oxide that may 
form during its Storage in the atmospheric'ambientf It was decanted 
in DI water followed by de-canting in IDI water. The sample was 
loaded into the diffusion furnace tube in the boat in such a way 
that it was parallel to the BN wafer. BN wafer was facing the 
gas flow and silicon wafe|:*j;W^S,iJ^ sHadew of it, -.. 

Predeposition conditions were as follows; 
temperature i 930 0 

ambient ; nitrogen at a flow rate of 600 cc/min. 

+ oxygen- at a flow rate of 50 cc/min. 

time ; 12 minutes. 

Dxs'fcance botwesn BU wafer and Idtie sample was 125 inils# 

Push-in and pull-out time a ^ej^e about 7 minute * A t est 

sample was also pre— deposi*|ied under exactly’- the same eoi^ditions 
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as above j for evaluating the base diffusion profile, 
lifter the predeposition v/as over the wafer was etched in 7% EF 
for 1 minute to remove the borosilioate glass, layer deposited on 
the wafer surface during pre-deposition. It was then decanted in 
DI water thoroughly, followed by a decant in DDI water. 

3.4.^ Drive-in Diffusion 

Ihe driye-in diffusion was performed in an oxidizing 
ambient to ^ow oxide simultaneously, for the purpose of masking 
the sample surface against emitter diffusion [2^;. ], fhe whole 
drive-in diffusion time was properly divided in dry steam-dry 
cycle according to the oxide thickness requirement. 

Dor masking against emitter diffusion 0.5yU oxide thickness was 
found to be sufficient. Drive-in diffusion cycle was as follows; 

ambient ; dry okygen at a flow rate of* 1 .5 l/m 

Ov 

temperature; 1100 C 
time ; 15 minutes 

II ambient ; steam 

temperature; 1100^0 
time ; 20 minutes 

III ambient ; argon at a flow rate of 1 .5 l/m 
temperature; 1 100°0 
time ; 15 minutes 

push-in and pull-out times were typically about 10 minutes each. 
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After the drive-in diffusion emitter windo?/s were delineated by 
following the same steps as in section 3.3. %e oxide layer to 
be delineated here was doped oxide .layer. Ihe etching rate of 
the doped oxide is larger than that of the undoped oxide. Thus to 
get the sharp edge definitions, a slow etchant was preferred [l0 j , 
Buffered HB with 1:6 composition was used for window delineation 
which took 6 minutes to completely etch out the oxide layer. 

3.5 Emitter Diffusion: | 

Arsenosilica film is one of the widely used dopant 
sources for emitter diffusion in high frequency transistors [ 8 3 . 

After the usual wafer cleaning in solvents, the wafer was boiled in 
+ HNO^ + DI water (1:1:1 by volume) solution for 10 minutes. 

This resulted in a very thin layer of oxide of the order of a f ew' Angs- 
tromeJThe oxido layer improves the adhesion of arsenosilica film to 
the sample surface, particularly in the emitter window region. The 
wafer was then rinsed in DI water thoroughly followed by rinsing 
in DDI water. 

The arsenosilica film with the maximum dopant density of 

1Q^^ cm*”^ \ta'S spun on the clean And dry sample surface using photoresisi 

spinner at 3000 rpm for 20 seconds. The sample was then baked in 

an oven at 220*^0 in a nitrogen ambient for 20 minutes. A coating 

of silica film was done at 4000 rpm for 20 seconds and again it 

was bated at 220° D in nitrogen ambient for 20 minutes [13], 

Silica film was coated over arsenosilica film to serve as a mask 
for diffusion of phosphorous into the sample from phosphorus 
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contaminated diffusion furnace tube. 

After the two films were deposited onto the sample surface, it 
was loaded into the diffusion furnace when its temperature was 
600 0 and the ambient was nitrogen at a flow rate of 1.0 l/minute. 

Now the temperature of the furnace was raised to 1150°C slowly in 
20 minutes. 

The diffusion time was 35 minutes. 

Post- iffusion Heat Treatment 

After the diffusion was over the diffused sample was 
given heat treatment at a lower temperature , At lower temperatures 
around 700° 0, the in-diffusion becomes negligible and the sheet 
resistance of the diffused layer increases because of out-diffusion 
from the wafer [sl , resulting in flattening of the diffusion profile 
from gaussian distribution towards boz distribution. 

The post-diffusion heat treatment was done at 700° C for 1 hour in 
nitrogen ambient with a flow rate of 1.0 1/minute. 

A p— type (.2—1 ohm— cm) test sample which was used to evaluate the 
emitter diffusion profile was placed alongwith the actual sample. 

3.S Back Surface Preparation 

It was observed that during the base diffusion some 
Doron diffusion occured at the back side also>whioh gave rise to 
1 rectifying junction on that side. A thin layer of silicon was 
removed from the back side by lapping it with a 14. 'yUm abrasive 
‘or about 2 minutes while the front side was protected by coating 



29 

it with black wa^. 

3.7 Contact Opening 

The oxide thickness to be delineated here was nearly 
»5yWia contributed by the two layers of silica films deposited on 
the sample surface. Ihe emitter contact openings had dimensions 
in few microns range, therefore to get sharp edge definitions, it 
was necessary to reduce the oxide thickness [l0 ] prior to perform 
the photolithography. Moreover, this oxide layer acts as an 
insulation between metal pads (for bonding purpose) and the silicop, 
surface. Therefore a thin layer of oxide of the order of .2yum 
is sufficient . 

To reduce the thickness of the oxide layer, it was etched in 7 % HF 
for 3 minutes. The sample was rinsed in DI water and subjected to 
the same steps as given in section 3.3. 

Buffered HP with 1:6 composition took 4 minutes to delineate the 
contact windows. 

3.8 Metallization and Contact Etching 

suitable metals were evaporated to make ohmic contacts with 
the emitter, base and the collector regions through contact openings. 

3.8.1 Metallization 

Gold was evaporated for back contact whereas aluminiiim 
was used for front metallization. Before doing the front metalli- 
zation the silicon substrate was heated on a substrate heater inside 
the vacuum chamber at about 220 C for abouit 12 minutes. Typical 
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pressure before the evaporation was 2x10"^ torrwhich increased 

-4 

to 4^:10 t err during evaporation* Aluminium thickness was kept 
'0 

about 1000 A* Emitter— base Junction being shallow sintering was 
avoided, because aluminj-um was found to diffuse fast shorting the 
emitter-base contact. 

3.8,2 Metal Etching 

Einal step of photolithography was done on the metallized 
surface. This resulted in a metal contact strip from the emitter 
and the base regions extended upto the respective bonding pads. 

It is necessary to mention the photo-engraving steps again, as the 
photoresist and surface preparation requirements were entirely 
different from those that were used for oxide delineation. 

The photolithography steps were aimed at the easy removal of the 
photoresist from the metallized surface. The removal of photoresist 
is necessary to ensure proper bonding between the metal and the 
bonding leads. Moreover, it was found that even for fine geometries 
aluminium etchant does not require very good adhesion between the 
photoresist and the metal surface. The photoresist was prepared 
in 1*0 <1 part TT'Pi'n t 2 p.ar-t» KTD'Il thinner, by volimie ) ratio. The 
prepared photoresist was coated, using ,8 yUm filter, at 6000 rpm 
spinner speed for 20 seconds. One coating of photoresist was 
convenient from the mask alignment point of view. When a thick 
layer of photoresist was used, it was difficult to see clearly 
the geometry under the metal layer. The photoresist coated wafer 
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was prebaked at 60 C for 1 0 minutes in a nitrogen ambient . After 
mask alignment it was exposed for 10 seconds to the ultraviolet 
radiation . Developing and rinsing times were 2 minutes each. 

The developed wafer was post-baked at 100°0 for 15 minutes after 
observing under microscope for correct mask registration. 

The etchant used had the following composition: 


Ortho-phosphoric acid 

: 45 cc 

glacial acetic acid 

: 36 cc 

nitric acid 

: 2.2 cc 

DI water 

: 18 cc 


The etchant was heated at 60*^0 during etching, to increase the 
etching rate. The proper etching time was found 6 minutes, 

A photographic reproduction of the typical set of 
fabricated transistors with three different emitter geometries, 
as seen on a microscope screen, is shown in Dig; 3. 2. This is 100 
times magnified view of the actual device. 
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Fig. 3-1 Horizontal geometry of three transistors fabricated 
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DETEmilFATIOF OE DOPIEG PROFILES MD 
IdEASUREKlERT OP D.G. PARAIETERS 

In the first two chapters we have discussed the 
parameters that interact to control the common-emitter current 
gain in high frequency transistors. The most significant of 
these parameters are the emitter surface concentration, the 
maximum doping level in the base region, doping profiles in the 
base and the emitter regions and the base-width. Among these the 
emitter surface concentration is the most critical parameter 
particularly in the shallow junction transistors where the total 
emitter thickness is comparable to the diffusion length of the 
minority carriers in the emitter region. The injection efficiency 
in the high frequency transistors cannot be increased much by 
increasing the emitter surface concentration because of the 
dominant bandgap narrowing effect beyond 10 cm [1 ]. 

These parameters therefore were determined experimentally. 

4.1 Measurement of Junction Depths 

The emitter-base and the base-collector junction depths 

were measured on the test samples, using the angle lap and staining 
technique [1? 1 . emitter-base junction depth was found to be 

1.2 yum and the base-collector junction was 1 deep, giving a 

base width of 
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4 *2 Evaluaiioti of Doping Profiles 

The impurity distributions in the emitter and the 
base regions were determined by the techniq,ue of successive 
removal of a thin layer of silicon and subsequently measuring 
the sheet resistance. 

For the successive removal of silicon layer, a thin layer of 
oxide was grown by anodic oxidation method and the grown; oxide 
was removed by dissolving it in hydrofluoric acid, 

Phe sheet resistance was measured using the four-point probe 
technique. 

The bulk resistivity P (x) was determined from the sheet 


resistance Pg(x) using the following relation [15 ]- 


0.4343 'pg(x) 
djT ^ s^^^ ^ 


(4.1) 


log^Q Pg(x) was plotted as a function of x on a linear graph. The 
slope of the tangents at different points were evaluated, giving 
the slope [log-]Q Pg(x) ] . 

The impurity concentration corresponding to each value of p (x) 
was obtained from Iiwinte concentration vs resistivity curves C 22 ■ 

4.2.1 Emitter Profile 

The sample was cleaned in solvents and the surface 
sheet— resistance was measured. Initial weight of the sample v/as 
measured on a micro— balance. Then the sample was subjected to 



anodic oxidation. 

The solution with the following composition was used as an 
electrolytic solution for anodic oxidation: 

0.1N solution of potassium nitrate 

in ethylene glycol = lOO cc. 

DI water _ y 

The appropriate value of the anodic cell initial voltage was 
determined after repeatedly performing the oxidation process till 
a uniform layer of oxide was achieved. This was found to he 120 volts 
The current through the solution at this voltage was 20 mA which 
decayed to 6mA as a thin layer of oxide was grown. The current 
was again increased to 80 mA and the oxidation process was arrested 
when the current reduced to 6 mA. 

A unifoim oxide layer of metallic-yellow colour was observed which 
corresponds to an oxide thickness of about ,20 microns. 

After perfoomiing thirteen cycles of anodic-oxidation, when whole 
of the n— type material is removed, the final weight of the sample 
was measured , The difference between the initial and the final 
values of the weight reveals that 920A° thick silicon layer was 
removed in each cycle of anodic-oxidation 

The resulting- emitter-impurity profile, as evaluated on a typical 
test-sample, is shown in the plot of Pig, 4.1. 

4,2,2 Base Profile 

The same steps, as described above, were executed on a 
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'tiGS’t sQniplG fo3? cvslusi} ing "biiG bssG pirofil© . ^lis iniijisl 

Voltage of anodic cell for tlie growth, of uniform oxide layer 
was found to be lOO volts, fhe initial current through the 
electrolytic solution at this voltage was 20 mA, which decayed to 
4 mA as a thin layer of oxide was grown, Ihe current was again 
increased to 20 mA and the oxidation was arrested when the current 
reduced to 4 mA. 

A unifonn oxide layer of light-blue colour was observed which 
corresponds to about .15 nicron thick oxide. 

Whole of the p-type layer was found to be removed after performing 
20 cycles of anodinr oxidation. The difference between the initial 
and final values of the weight of the sample reveals that 747. 5A° 
thick layer of silicon was removed during each cycle of anodio 
oxidation. 

The base -impurity profile, as evaluated on a typical testj-sample 
is shown in the plot of Fig. 4.1 . 

4.3 Junction I-T Characteristics 

The osffiillographic reproduction of the current-voltage 
characteristics of the emittef-baae and the baso-*eollecttDr 
junctions for a typical device (geometry (1)) are shown in Figs. 4. 2 
and 4.3 respectively. 

Ths current at 3 volts reverse-bias was 0.32^^/uA for the emitter— base 
junction and O.eOyuA for the base-colleGtor junction. 

The forward resistance at 5 mA current was evaluated as 450 ohms 
£q 27 the emitter— base junction and 250 ohms (at 5 mA current) 
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for the base-collector junction. • 

4.4 Set of Curves of a Typical Transistor 

The set of curves for a typical device (geometry (1)) 

in common-emitter configuration, as seen on an oscilloscope, are 
reproduced in Pig. 4 .4:. The increase in common-emitter current gain 
hj^ with increase in can be visualized by ’th® slope of the 
curve s , 

The decrease in hj^ at high injection levels can also be seen 
clearly by the crowding of the curves as increases. 

4.5 Measurement of and Ig as a Punction of 

The emitter and the base d.c. currents were measured 
as a function of emitter— base junction forward bias, keeping the 
base-collector junction reverse bias at 5 volts* The circuit 
arrangement for the measurements is shown in Pig. 4. 5. Enough 
care was taken to keep the base-collector junction reverse— bias 
voltage constant, which, may change during measurements due to high 
injection effects. 

The voltages were measured with a maximum error of + .001^ upto 
1 volt range and +.01% in greater than 1 volt range. The 
respective error in the current measurement w®® +0.5% throughout 
the measured range. 

The d.c. common-emitter current gain (h^tg) was evaluated at 

V, ^ I2 

different injection levels using the relation upg - j * 

Jj 

A semilog plot of for a typical device (geometry (1 )) 
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is shown in i'ig.4,6(a). The slope ^p ) of this curve 

kT 

was evaluated, giving the value of the expression — - , where, f| is 

T) % 

the ideality factor. The value of ideality factor was found to be 
1.095* Its value starts increasing after the emitter— current level 
peaches to 10 ^A, which corresponds to a current density of 
3.l7A/cm^. 


Big.A.SXb) shows the variation of the base current with 

''Art-n lr!P\ 

The base current increases exponentially with (V^, = ~) 


for 0.5 volts. After the base-current reaches to about 10“ 

mA, the exponential relation of with ?? — is no more seen due to 

-o V IP 

the dominant effect of the base spreading resistance. 

The current-gain h^ig has been plotted as a function of the emitter 
current as shown in Big. 4. 6(c). It is observed that the gain 
increases with I-g till the emitter current reaches a value of 
4xlO“'^A. After this the value of h-^ becomes almost constant and 

remains so upto an emitter current of 10 A. The emitter currents 

/i o o 2 

4xlO“'^A and 10“'^A correspond to 20.67A/cm and 5l6.66A/cm current 
densities resnecti vRly. 

As the emitter current is increased further, the gain hj^ decreases 
sharply as the high injection effects start dominating. 

The above measurements were taken for the geometries (2) and (3) 


also. The results are plotted in Pigs. 4. 7 and 4.8 respectively. 


ihc so c 


-cvices show similar behaviour as observed for geometry( 1 ) 


and no significant difference is visible, 
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4.6 Measurement of h™ and the Current-Carrying 
Capability of the Transistors 

The dependence of the maximum value of the common-emitter 
current gain ^^Ej^ax emitter periphery to emitter area ratio 

and the effect of emitter periphery to base area ratio on the 
current carrying capability of the high frequency transistors 
were studied, 

For this study transistors with three different emitter geometries 
were fabricated side by side to avoid any variation of parameters 
due to changes in process variables or wafer inhomogoneities with- 
in the three geometries , 

The measured values of h^^ ^ for a typical set of three transistors 
with different emitter geometries are listed in Table 4.1-. 

The current carrying capability of these transistors was also 
measured on the same set of devices and the results are listed in 
Table 4 . 
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Table 4»1 

Current-Carrying Capability Measurements 


emitter-periphery 

emitter-area 

■^■“max , 

emit t er-pe riphery 

base-area 

Current-Carry- 
ing Capability 

Geometry (1 ) 

.0908 

32.4 

.01184 

1250A/cm^ 

Geometry(2) 

.1167 

38.8 

.01 020 

1 025 

Geometry(3) 

.1946 

40.2 

.01255 

iTOOVcm^ 



Doping densi ty (c rrr 



X (Microns) ^je ^jc 


Fig.4*l Plots of Typical Doping Profile in Various 

^ the Transistor. 




Reverse Charaetersties-. 
Z^axls Voltage (2¥/Div*) 
Y»azis CSurreat (♦C^mA/M.v*) 


Fonrard (Riaracterstles 
X~)5Bcie Folt8®e ( *5 V/D±t») 
I-asls Curreat ( •C^mA/l>iv,2 


Fig* 4*2 Emltter^Basa Junction I-V Gbaraotersiles of » f2;pieal Trattsistor» 



Reverse Characterstics 
I-axis Voltage (5V/Mv*) 
I-axls CJurrent (*05aiA/®lv*^ 

Fig* 4^*5 Base— Collectes? Jaaetioa 


Fortrard CiiaEracterstics 
X-axis Voltage (*2V/M.v*) 
T-azis Cfurrent 

I.V OB^aeterstics of » fypical fawislst^* 


Pig, 4. 4; Set faf Iq Curves for a Typical Transistoi^ Ge 0 ffietry< 1)4 

X-axis (SV/Biv,) 
y-axis Iq (2iiiA/DiT,) 

Base current = .OSnjA/Step^ 



Pig ,4. 5s Circuit arrajjig€fflMBt 
for' the measureiiMnt of and Ig 
as a function of 
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CHAPTER 5 


RESULTS AED DISCUSSION 


In this chapter the common-emitter current-gain in high 
frequency transistors has been calculated using a simple model. 

The experimental and the calculated values of the cirrrent— gain 
have been compared to establish the credibility of the model. The 


dependence of the maximum common-emitter current gain 

the current carrying capability on the horizontal geometry of the 


transistor has also been discussed. 


5-.1 Calculation of Common-Emitter Current Gain 

In making theoretical calculations the emitter impurity 

profile is approximated as box type distribution with a dopant 

1 9 —5 

concentration of 4x10 cm . The impurity distribution in the 
base region under the emitter is approximated by gaussian distribution- 
The impurity doping profile in the various regions of the device is 
shown in Rig. 4.1 . Using the emitter-base junction as the reference 
point, this can be represented mathematically as follows: 


N(x) 

= Ug = 4x10*'^ cm""^ for - 1 .2 yUmr x 

(5.1) 

N(x) 

= U. ^xp —Nq for X , 0 

(5.2) 

where , 

U-pg = 3x1 o'* cm”^ 



Ug = 6x1 o'* ^ cm”*^ 



and 


Pis the profile parameter. 



Equation (5.2) shows that the dop^t concentration at the 

emitter^base junction is (Hp-FQ) — wherei.o the actual 

concentration at the junction is zero and increases to its maximum 

value Ug as x increases. This region of increase being very small, 

the point of maximum doping density in the base region is 

assumed to be shifted to the emitter— base junction (i.e.x=0 }. 

This assumption is made to simplify the calculations. 

The profile and the structural parameters of the transistor, 

used in the calculations are tabulated in Table 5 ."I * 

The minority-carrier life-times, 'c in the emitter region and 

PE 

'^nB base region are taken from the earlier work of 

Chamberlain O'-irl Roulston [l 4 land are shown in Table 5.3. These 
values are assumed because the doping concentrations and the 
junction depths, which are the main parameters effecting the 
life-time, in the device under consideration are more or less 
the same as those considered in the above study. The minimum 
values of the life-times have been considered by taking '^pB= '^pO 
and 

The minority-carrier diffusion lengths in the emitter and the 
base regions are evaluated with the knowledge of these carrier 
life-times and estimating the effective diffusion constants 
^nB ^pE ^ emitter regions respectively. 

To determine the effective values of and the carrier 

mobilities in the two regions were calculated using the modified 
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Gaughey-ThOfflfB relations [16] . 








(5.3) 


"rof. 


The yalues of Oaughey— Thomas parameters are given in Table 5.2* 

The respective carrier diffusion coefficients were evaluated from 
the mobility values. V/hile evaluating 5^^,, the effect of high 
doping on Einstein's relation has been taken into account [l7 3 • 

In the base region, diffusion constant is calculated at 
different points and the effective value of is evaluated using 
the relations 


I)„T5(x) dx 


(5 .4) 


This integral is evaluated numerically using the 5— point Gauss 
Quadrature formula [23 ] • The base-width was divided into 30 equal 
segments to obtain a maximum error of + .1%. The calculated values 
of and S'pg and the corresponding minority carrier diffusion 
lengths are tabulated in Table 5.3. 

The diffusion-length of the electrons in the base region as 
expected, has been found orders of magnitude higher than the 
base-width* Thus the bulk recombination in the base region can 
be neglected. The diffusion-length of holes in the emitter region 
is a fraction of the omitter-rogion width but is of the same 
order of magnitude. Hence the bulk recombination in the emitter 



region has to be taken into account. 

At high doping levels above 10 ' cm the intrinsic carrier 
concentration is increased due to bandgap narrowing, which 
increases the effective minority carrier concentration, fhis 
corresponds to the reduction in effective doping and conseq.uently 
the reduction in Gummel Uumber. The effective values of intrinsic 
carrier concentration at high doping level in the emitter and the 
base regions are evaluated using the empirical relations [1 ] . 

2 2 q V (F) ; 

n = n ^^(1) exp ) forO?>250°K (5.5) 

and r f + f 1 mV (5.6) 


where, f = 

) • 

0 

C = 

0.5. 

V^ = 

9.0 mV. 

F = 

_3 

impurity concentration in cm - 

^0= 

10^”^ cm"^ 


,/\ E Q = bandgap narrowing. 


n- (1) is the intrinsic carrier concentration in' the lightly 
doped semiconductor at absolute temperature 1. for silicon the 
value ot ^j_o 1.5x10^*^ cm ^ at 300°K, 


The effective minority-carrier concentration is evaluated 


n. 


from 


. The effective Gummel Fumbcr and the effective 


ij.T. r..-'! 




doping concentration in the emitter-region w^^^^caicula’I^e^^'^^^pg 
the above results. 




.1* i 
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The effective value of the Gummel Fumbep in the base— region 
was calculated using the relation; 

% = f %(x) dz. (5.7) 

"'o 

The value of this integral was evaluated numerically using the 
5-’Point Gauss quadrature formula [ 23 ] . The base— width was divided 


into 30 equal segments to get the maximum error of + .1$^. 

The effective values of the Gummel Number and the dopir^ concen- 
trations in the emitter and the base regions are tabulated in 
Table 5.4. 


The collector-current density is calculated using the relation : 

(5.8) 


J 

n 






The base— current density is calculated taking into account the 

bulk recombinations in the emitter-region and is given by the 
relation 

2 

^ — m Goth (4^- ) (5.9) 


^pE 


Goth (-j,^"" ) 
PE 


where, Xjgis the emitter-base junction depth. 

The common-emitter current gain h^g is evaluated as a ratio of the 
collector-current to b ase -current . 


Using the simple model, the common— emitter current gain hj^ has 
been obtained as 76. This is in reasonably good agreement with 
the measured value of about 4-^^ If fbo bandgap narrowing effect 
is not taken into account, the calculated value of h^ has been 
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found to be orders of magnitude higher than the measured value. 

This concludes that the bandgap narrowing is the most dominant 
effect in the shallow-junction transistors. 

5 .2- Factors which Degrade the Common-Emitter Current Gain 

The measured low value of h^^ in comparison to the 
calculated value may be attributed to a number of effects. 

Important among these arc listed below in order of their importance. 

1 . Surface Leakage Current: 

As observed in section 4.3, the values of reverse— bias 
(3 volts) emitter-base and base-collector junction currents for 
the typical device are .32 yuA and .6 yuA respectively. These currents 
are unusually high and contribute significantly to the base-current,. 
This results in reduced value of measured hj^ as compared to its 
theoretical value, when these currents are neglected. 

2, Life-Time Approximation; 

The value of minority-carrier life-time particularly in 
the emitter region plays an important role (in the form 
the present model used for hj,g calculation. The carrier life-time 
depends on a number of parameters including doping density, surface 
conditions, crystal (Quality, process induced defects and injection 
level. Since its value has not been determined by measurements, 
any uncertainty in its value influences the h^^ calculations 
dominantly. 
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3. Doping Profile Approximation 

During the evaluation of the emitter and the base 
region doping profiles, the bulk resistivity has been calculated 
usij 

The value of the differential was evaluated graphically by drawing : 
the tangents at different points of the plot of log^Qrfg(x)3TD x . 
The value of the differential thus evaluated consists of calculatioi 
error, which in turn makes the calculation of bulk-resistivity 
erroneous. Hence the evaluation of doping profile consists of 
calculation error. Moreover, the doping profile in the base region 
has been assumed to be gaussian distribution instead of taking the 
experimentally evaluated value at each point> This effects the 
calculated value of ^ as used in equation (5.7) for the evaluation 
of the collector-current density. 

The doping profile in the emitter region has been assumed box type, 
thus neglecting the rather slo?/ decay of doping concentration in 
the vicinity of the emitter-base junction. Both these factors 
influence the calculation of hj,g. 

4. Parasitic Effects 

The base -^reading resistance has been found to be 
significantly high (-- 1.5 K ohm) as calculated in the appendix. As 
the injection level increases, this (base-spreading resistance) 
plays an important role in limiting the emitter current. Moreover, 
the collector bulk-resistance is also found not to be insignificant 
which in turn reduces the collection efficiency of the transistor. 


the relation (4.1), which involves the factor 


dx 





Both these effects which have been neglected in the calculation 
may cause a significant decrease in the current gain. 

5. He combination in the Bmitter~Base Junction Ite.pletion--^ legion. 

Even at moderate injection level i.e. when the injection 
current starts dominating the surface leakage current, there may 
be significant recombinations in the emitter-base depletion-region. 
This gives rise to increased base current and hence reduces the 
current gain hj^« The base current due to recombinations in the 
emitter-base depletion region has been neglected during the hj^ 
calculations. 

6. Effect of direct injection from the emitter to the base through 
the lateral emitter— base diode has also been neglected. 

5'. 3 Variation of hj,g with Injection level 

The initial rapid increase in the value of h^j, with 
injection level as shown in Pig. 4. 6(c) may be assigned mainly to 
the fact that at low injection levels the sinrface leakage-current 
dominates over the injection current. The trend continues till the 
injection-current reaches to about ,52A/cm corresponding to an 
emitter- current of about 10 yuA. The plot of in j-/. 

Eig,4..6(b) also supports this explanation. The emitter-base 
junction voltage V^g corresponding to lOyuA is about 600 mV 

as seen in Pig. 4. 6 (c). The base-current Ig is found to increase 
very slowly till Vj,g reaches 600 mV, which justifies that in 
this region is dominated by the surface leakage-current. As ''^EB 
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is increased beyond 600 mJ, increases exponentially which 
confirms the dominance of the injection current over surface 
leakage -current for y 600 mV. 

further increase in h.-gg with the injection level, which is rather 
slow may be attributed to the following; 

Firstly, the bandgap narrow.' ng effect s ;arts s.-.eakening as the 
injection level is increased [1] . Ihit gives rise to increased 
emitter efficiency and thus increase in 

Secondly, the S-R-H (Shockley- Read-Hall. ) recombination in the 
emitter region increases with *g increase in injection level [2]. 
fhis results in the increase o:.' minorit 3 r-c.''jrricr life-time in the 
emitter region, which in turn increases the emitter efficiency and 
hence increases the value of h^r. • 

A sharp fall in h^^ at high-inj action level, when the 
emitter current desntiy increases beyond fllA/em in a typical 
transistor, is observed in Fig. 4. 6(c). f his drop is due to the 
4<ominance of high-injeotion effects as base— stretching, larger 
4 e| 5 let ion— layer ru combinations, parasitic effects and the dominant 
^^irrent-crowding effect at high-in Ject ion levels. 


The average majority-carrier concentration in the base 
region is about 5x10*''^ cm~^. The injection level aty;Yhieh the 
l^ected minority— carx'ier concentration becomes comparable to tno 
iaa|iprity-Garricr concentration (know?i as high injection level) is 
estimated using the relation 
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W- 


B 


(5.10) 


wJaexGy Jj = injected current -density . 


“e(0)= 


excess nine rity- carrier concentration. 


The value of eisiitter-current density at which the high injection 

starts as calculated by the relation (5.10) has been found to be 
4,2 

around 5x10 A/ cm , which is orders of magritude higher than the 

2 

measured value of 520A/Gm . This premature occurrence of high 
injection effect can be attributed to the crowding of current at 
the periphery of emitter. 

Moreover, the base— current corresponding to the emitter current 
at which high injection effects start dominating (Big, 4. 6) is 
.5 mA. The base-spreading resistance is about 50 ohms (as calculated) 
in appendix). This shows a voltage drop of 25 mV across the base 
region. This is nearly equal to the thermal voltage at 300°K. 

Thus the emitter-crowding is the dominant high-injection effect in 
the typical device under study. 

5.4i Dependence of Maximum Current-Gain and Current-Carrying 
Capability on the Horizontal Geometry 

It is observed from Table 4.1 that the transistor 

maximum current gain h-^, increases with an increase in the 

^ 'max. 

emitter periphery to emitter area ratio. This is a general 
feature observed for all the fabricated units. As this ratio 
increases for a given emitter area, the emitter-base contact 
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periphery increases. This reduces the effect of emitter 
crowding, which is responsible for the observed increase in 
hj^* Thus to increase the current-gain, the emitter periphery 
should be maximised for a given emitter area. 

The transistor current-carrying capability increases with increase 
in emitter periphery to base area ratio as is evident from the 
results in Table 4.1. Tor a constant value of base area, as the 
emitter periphery is increased, the current-carrying capability 
also increases because of lessening of emitter crowding. Similarly- 
when the base area is reduced for a given emitter periphery, the 
current-carrying capability can be increased by reducing the base 
area. This is because of the reduction in the base area causes 
a reduction in the base spreading resistance outside the shadow 
of emitter. This (reducing base area for a given emitter periphery) 
is more useful in integrated transistors where the collector contact 
is also taken from ttie same side as emitter and base contacts and 
whole of the base area is equally important. Thus to increase the 
current-carrying capability maximum emitter periphery should be 


embeded into minimum base area. 



Table 5«1 


Profile and Structural Parameters of the 
Transistor used in Calculations 


% 

%E 

"o 


^JE 

^JO P 

4x10^9 

3x10*''^ 

6x1 0^ ^ 

.3x10“^ 

1 .2x10”^ 

1.5x10“^ 3.2 

cm“^ 

cm**^ 

cm”^ 

cm 

cm 

cm 


Table 5*^ 


Gaughey-Thomas Parameters 


Holes 


y/^max. 

/’^in. 

a 

®ref. 

sec”^ volt*"^ 

2 -1 —1 
cm sec volt 



495 

47.7 

0.76 

6.3x10^^ 

1360 

92.0 

0.91 

1.3x10^'^ 


Electrons 
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Table 5.3 

Minority Carrier Lifetimes and Computed Values of 
Effective Diffusion Constants and Diffusion Lengths 


'^pE 

= 

5.3x10"*^^ sec. 


= 

3 •2x10*”'^ sec. 

^pE 

. =: 

2 — 1 

3.06 cm sec. 

^nL. 


2 — 1 
20,6 cm sec. 

\e 

== 

0,4x10’^ cm. 

^nB 


25-. 7x10”'^ cm. 


Table 5»4 


Computed Values of Bandgap Farrowing, Effective Gummel 
Number and Effective Majority-Carrier Concentrations 


Emitter Region: 

Bandgap narrowing at (4x10"*^ cia”^) 


108.1 meV. 

Effective Gummel Fumber ^ 

= 

7.2x10^^ cm~^ 

Majority-Carrier Effective Concentration F^ 


6x1 o' ^ cm-5 

Base Region: 

Gummel Fumber Qg 


2.8x1 o' ^ cm""^ 

Band gap narrowing at Fgg(3x-10 ^ cm”"^) 

= 

21 .6 meV . 

Effective Gummel Fumber Qg 


1 2 —2 
2.2x10 cm 

Majority-Carrier Effective Concentration Fg 


7.3x1 o' ^ cm“^ 

Neglecting Band-gap narrowing, the calculated 


value of hgg, using relations (5.8) & (5-9) 

r=' 

4«50. 



GOI^USIOF 


High frequency transistors with three different emitter 
geometeries have been considered and fabricated. The design of 
the horizontal geometery was based more on the possibility of its 
fabrication in the laboratory with available facilities than to 
achieve some predetermined performance. 

The device has been fabricated on an epitaxially grown n-n"^ wafer 
using double -diffusion process. 

The common-emitter current gain as calculated from the knowledge 
of the material and device parameters using a simple model is found 
to be orders of magnitude larger than its measured value. However, 
the inclusion of bandgap narrowing into current-gain calculations 
leads to its calculated value of 76. This is in reasonable agreement 
with the measured value of 40, in view of the uncertainity in the 
minority carrier life time and diffusion constant values . This 
clearly shows the effect of banugap narrov/ing to be dominant in 
determining the current gain in shallow junction devices. The 
bandgap narrowing effect shall become negligible if the emitter- 
base junction depth is increased such that the diffusion length 
of carriers in the emitter region is orders of magnitude less than 
the emitter depth. 

The study of variation of current-gain (h^^) with injection level 
reveals that the initial rise in the value of h^^ is due to the 
dominance of injection current over the surface leakage current 



APPEiron: 


The fabricated transistor geometry (1) is analysed to 
calculate the values of different parasitic elements and the gain 
bandwidth frequency f^. 

The material and the device parameters have been taken up from 
Table 5.1. 


area of the emitter region = 

area of the base region; = 

emitter width = 

emitter length = 

average resistivity of the base region 
under emitter area = 

average resistivity of the base region 
outside the shadow of emitter = 

resistivity of the collector region = 

ideality factor a 

^BE 

drift field factor n = In-v? — = 

^^BG 

phase factor m=.22+,098 In — = 

emitter current = 

emitter-base junction forward -bias = 

base-collector junction reverse-bias = 

(from relation 2.6.) = 


1935. 5x1 cm.^ 
16774. 2x10“® cm? 
38.1x10”'^ cm. 
50.8x10"'^ cm. 


.7 ohm-cm. 


.055 ohm-cm. 
.65 ohm-cm. 

1 .098 
3.9 


.6 

5 mA 

1.2 volts 
5 volts 
1x10”^ cm. 
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Calculation of Parasitic elements: 

Base -spreading resistance r^ = 

the resistance (r^^ ) of the base area 

under the emitter region (from relation 2.9)= 

the resistance of the base area outside 

the shadow of the emitter (from relation 2.10) 

total base spreading resistance = 

resistance of the emitter region r^ = 


^h1 + Hz 

1 .5 K ohm 

= 49 ohm 
1.55 K ohm 


= 5.3 ohm 

resistance of the collector region rl = ^0 

= 18 ohm 


emitter-base junction capacitance 
(from lawrence-Wamer curves) = 3.36 pf . 

base-collector junction capacitance ^q]C“^G0'^^CI 


Cqj (from Lawrenc e-Warner curves) 

= 0.0575 pf. 

Gqq (from Lawrence-Wamer curves) 

= 0.439 pf. 

emitter-base junction time constant 


(from relation 2.3) 

= 17,8 psec. 

base transit time 't^(from relation 2.4) 

= 8.42 psec. 

collector depletion layer transit time 


(from relation 2,5) 

= 8,75 psec. 

collector R-C charging time ^^^(from 


relation 2.7) 

= 8,93 psec. 

total time delay 

= 43,9 psec. 

gain bandwidth frequency f 5 ,(from relation 

2.1) =2.25 OHz 
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maximum frequency of operation f is given by the relation: 

max 


max 


-/ZI5 


= 343 MHz . 

The relative magnitude of the saturation currents due to different 
mechanisms are given as: 

1 * The saturation current duo to edge injected carriers is 
given by the relation; 


^edge ~ ^nB ^ ^JE ^HE 


W V 2kT / 




where, h is the emitter periphery 


E 


BS 


is the electric field in the base region where the 


emitter junction comes 'to the surface. Bor a graded junction 
^BS - <1 Xj 


^edge 


1 E 


BE 


nB n 

Brom the above relation edge saturation current 


2. 93x1 


2. Saturation current due to surface recombination of edge 

injected minority carriers is given by 1 



qEgg //aE^„ \ " / I 


^SB 


S B- 


BE 




2kT 


7 ^^BS 
'^2kT 


+ 


nB 


where, S is the surface recombination velocity. 
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3 -1 

taking S = 10 cm. sec , 

7.8x10"^° A. 

5.. Saturation current due to injected carriers is calculated 
using the relation; 


1 = 1 . 


exp ( / - 1 

\ T]kT / J 


1 

This gives the value of 5x10“ A 


It is evident from IhG above calculation that the injection 
saturation current is orders of magnitude higher than the saturation 
currents due to edge injected carriers and the surface recombination 
of edge injected minority carriers. Hence only injected carrier 
ciirrent play a dominant role in calculating the common— emitter 
current gain h^g* 
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